A picosecond time-resolved IR-UV pump-probe spectroscopic study has been carried out for investigating the intracluster vibrational energy redistribution ͑IVR͒ and subsequent dissociation of hydrogen-bonded clusters of phenol (C 6 H 5 OH) and partially deuterated phenol (C 6 D 5 OH, phenold 5 ) with various solvent molecules. The H-bonded OH stretching vibration was pumped by a picosecond IR pulse, and the transient S 1 -S 0 UV spectra from the pumped level as well as the redistributed levels were observed with a picosecond UV laser. Two types of hydrogen-bonded clusters were investigated with respect to the effect of the H-bonding strength on the energy flow process: the first is of a strong ''-type H-bond'' such as phenol-(dimethyl ether) nϭ1 and phenol dimer, and the second is phenol-(ethylene) nϭ1 having a weak ''-type H-bond.'' It was found that the population of the IR-pumped OH level exhibits a single-exponential decay, whose rate increases with the H-bond strength. On the other hand, the transient UV spectrum due to the redistributed levels showed a different time evolutions at different monitoring UV frequency. From an analysis of the time profiles of the transient UV spectra, the following three-step scheme has been proposed for describing the energy flow starting from the IVR of the initially excited H-bonded OH stretching level to the dissociation of the H bond. ͑1͒ The intramolecular vibrational energy redistribution takes place within the phenolic site, preparing a hot phenol. ͑2͒ The energy flows from the hot phenol to the intermolecular vibrational modes of the cluster. ͑3͒ Finally, the hydrogen bond dissociates. Among the three steps, the rate constant of the first step was strongly dependent on the H-bond strength, while the rate constants of the other two steps were almost independent of the H-bond strength. For the dissociation of the hydrogen bond, the observed rate constants were compared with those calculated by the Rice, Ramsperger, Kassel, and Marcus model. The result suggests that dissociation of the hydrogen bond takes place much faster than complete energy randomization within the clusters.
I. INTRODUCTION
The vibrational relaxation of the OH stretching vibration has long been investigated by many researchers because of the importance of the OH group in nature and it is the fundamental process in the liquid phase. Up to now many experiments have been carried out, mostly time-resolved spectroscopic studies, [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] to elucidate the dynamics of the OH stretching vibration. In the liquid phase, it has been known that vibrational excitation leads to a rapid dissociation of the H-bond, followed by a rather slow recombination. However, as to the energy flow mechanism from the OH stretch to the H-bond dissociation, the issue is still open whether the energy of the OH stretch directly flows into the intermolecular H-bonding coordinate 2, 3, 5 or flows sequentially via intramolecular vibrational modes. 10, [12] [13] [14] The recent development of double-resonant vibrational spectroscopy combined with supersonic jets has enabled us to measure the spectra of the OH stretching vibrations of size-and-structure-selected H-bonded clusters. 18 -34 It has been found that the IR spectra of the OH stretching vibration of such H-bonded clusters with solvent molecules exhibit a very similar feature with that observed in the corresponding condensed phase. In spectroscopic studies of jets, the cluster structures can be determined from an analysis of the observed spectra with the aid of ab initio molecular orbital or density functional calculations. Thus we are in the stage where we can study in detail the dynamics of the H-bonded OH stretching vibration for the well-characterized H-bonded system.
In this work, the second paper of the series, we report a picosecond IR-UV pump-probe study of the intracluster vibrational energy redistribution ͑IVR͒ and subsequent dissociation of H-bonded clusters of phenol and partially deuterated phenol ͑phenol-d 5 ), after IR excitation of the OH stretching vibration. Very recently, we reported our first work on the picosecond dynamics of the OH stretching vibration of phenol and its H-bonded clusters. 35 We could show that the IVR lifetime of the donor OH stretch is substantially shortened upon H-bonding, while that of the acceptor OH stretch was similar to bare phenol. However, a detailed mechanism of the energy flow and the effect of the H-bonding strength are still unknown.
The aim of the present work is to reveal the energy flow pathway starting from the OH stretch vibration to the dissociation of the H-bond. We have picked up two types of H-bonded clusters whose binding energies are quite different. First is the -type H-bonded cluster, which is phenol-(ethylene) nϭ1 , and the second is the -type H-bonded cluster, which is phenol-͓dimethyl ether (DME)͔ nϭ1 . Their calculated structures are shown in Fig. 1 . Phenol-(ethylene) nϭ1 has a weak -type H-bond between phenolic OH and the electron of ethylene. Though the binding energy of the ''OH-'' bond has not been experimentally obtained, highlevel ab initio calculations predict the energy to be 900-1100 cm
Ϫ1
. 36 -39 On the other hand, phenol-(DME) nϭ1 has a strong -type H bond between phenolic OH and Oxygen of DME. The H-bond energy of phenol-(DME) nϭ1 is estimated to be 2000-2100 cm
Ϫ1 from an analogy with the other H-bonded clusters of phenol. 40 We will see how the H-bond strength affects the energy flow mechanism and its rate constant. The entire investigation is based on the observation of time-resolved transient UV spectra and time profiles of the pump-probe signals. Figure 2 shows the excitation scheme of picosecond IR-UV pump-probe spectroscopy. Two relaxation schemes are shown, which will be discussed later. Essentially, the OH stretching vibration of the phenol or phenol-(solvent molecule) nϭ1 H-bonded cluster is pumped by a picosecond IR laser pulse, and at several delay times a picosecond UV laser pulse is introduced to measure the (1ϩ1) resonance-enhanced multiphoton ionization spectra through the S 1 state, which correspond to the transient UV spectra. The time evolution of the IR-laser-pumped OH level is observed with the OH 1 0 band, while those of the levels (vЉ) generated by IVR are observed by the vЈ←vЉ transition. The spectrum of the latter transition exhibits a broad feature due to the overlap of many transitions of vibrational levels (vЉ) generated by the IVR: hereafter, we call those levels ''IVR levels. '' A detailed description of the experimental setup of picosecond IR-UV pump-probe spectroscopy was given in paper I of this series. A picosecond tunable UV pulse was obtained by frequency doubling the mode-locked picosecond Nd 3ϩ :YAG laser ͑Ekspra PL2143B͒ pumped OPG/OPA output ͑Ekspra PG401SH͒. A tunable picosecond IR pulse was generated by a homemade OPG/OPA system pumped by the same mode-locked Nd 3ϩ :YAG laser. The spectral resolution was estimated to be 10 and 15 cm Ϫ1 for the UV and IR laser lights, respectively. The pulse widths of the pump and probe laser pulses were determined to be 14 ps, by fitting the time profile of the IR-UV pump-probe signal of the CH stretching vibration of benzene.
II. EXPERIMENT
Jet-cooled phenol and its clusters were generated by a supersonic expansion of phenol vapor seeded in ethylene ͑2%͒/He or dimethyl ether ͑0.5%͒/He mixed carrier gas at a total pressure of 3 atm into vacuum through a pulsed nozzle ͑General valve͒ having a 0.8-mm aperture. Phenol was heated up to 40°C. Phenol and its H-bonded clusters in the jet were skimmed by a skimmer ͑0.8 mm-diam beam dynamics͒ located at 30 mm downstream of the nozzle. The IR and UV lasers were introduced into a vacuum chamber in a counterpropagated manner and crossed the supersonic beam at 50 mm downstream of the skimmer. The molecules in the supersonic beam were ionized by (1ϩ1) resonance-enhanced multiphonon ionization ͑REMPI͒ via S 1 , and the ions were repelled to a direction perpendicular to the plane of the molecular beam and laser beams. The ions were then mass analyzed by a 50-cm time-of-flight tube and were detected by an electron multiplier ͑Murata Ceratron͒. The transient profiles of the pump-probe ion signals were observed by changing a delay time between UV and IR pulses by a computercontrolled optical delay line. The ion signals were integrated by a boxcar integrator ͑Par model 4420/4400͒ and were processed by a microcomputer.
We should comment on the effect of the larger-size clusters-that is, phenol-(solvent molecule) nϾ1 -in the present work. First of all, we have chosen the solvent molecules, ethylene and dimethyl ether, which form exclusively 1:1 H-bonded clusters. This is because once the 1:1 H-bonded cluster is formed, as can be expected from Fig. 1 , the next solvent molecule will be bound via a much weaker van der Waals force. Actually, the signal intensities of largersize clusters were negligibly small in the time-of-flight spectra. So perturbation of the larger-size clusters, such as the formation of smaller-size cluster ions after the ionization, is thought to be very small. In addition, the larger-size clusters may have OH stretching frequencies different from the 1:1 cluster. Another point is the effect of the dissociation of the 1:1 clusters after the ionization. The binding energies of the 1:1 clusters studied in the present work are not precisely known and it is quite possible that the cluster will dissociate after the one-color 1ϩ1 ionization. Actually we observed the phenol fragment ion in the IR-pump-UV-probe experiment at the higher monitoring UV frequencies. Then we observed the pump-probe time profile by monitoring both the parent cluster ion and the phenol fragment ion. As a result, we obtained the same time profile between them. So we concluded that observation of the 1:1 cluster ion is good enough for the present study.
Phenol ͑99.0%͒ was purchased from Wako Chemical Ind. Ltd. and was purified by vacuum sublimation before use. Phenol-d 5 (C 6 D 5 OH) was synthesized by adding a few drops of water to phenol-d 6 (C 6 D 5 OD, 98 at. % D) purchased from Sigma-Aldrich Fine Chemicals. C 2 H 4 was purchased from Nippon Sanso, and DME was purchased from Wako Chemical Ind. Ltd. Figure 3 shows the IR spectra of ͑a͒ phenol and its H-bonded clusters with ͑b͒ C 2 H 4 and ͑c͒ dimethyl ether ͑DME͒ in the 2800-3700 cm Ϫ1 region. All spectra are obtained as the ion-gain IR spectra. The UV laser pulse was introduced at a delay time of 40 ps after IR pulse excitation, and the IR frequency was scanned while monitoring the broad transition due to the IVR levels. In bare phenol ͓Fig. 3͑a͔͒, the band at 3657 cm Ϫ1 is the OH stretching vibration and many bands in 3000-3100 cm Ϫ1 are due to CH stretching vibrations. In the IR spectrum of phenol-C 2 H 4 , the H-bonded OH stretching vibration appears at 3580 cm
III. RESULTS

A. IR spectra
Ϫ1
. The relatively small redshift ͑77 cm Ϫ1 ͒ of the OH stretch with respect to the bare phenol represents a typical feature of the -type H-bond. 34 Two intense bands at 2987 and 3104 cm Ϫ1 are the CH stretching vibrations of the C 2 H 4 site. The appearance of those bands indicates that the IVR also occurs in those vibrations in this time scale. The dynamics of those bands will be discussed in a separate paper. The H-bonded OH stretch of phenol-DME in Fig. 3͑c͒ appears at 3410 cm
. A lower-frequency shift as large as 250 cm Ϫ1 is much larger than that of phenol-ethylene. The IR spectra for phenol-d 5 -C 2 H 4 and -DME were very similar to those of phenol-C 2 H 4 and -DME, respectively, and the obtained frequencies of the OH stretching vibration were the same within our experimental uncertainty. In the following, we examine the dynamics for these vibrations by measuring the timeresolved UV spectra. Figure 4 shows the transient UV (1ϩ1 REMPI͒ spectra of phenol-C 2 H 4 measured at several delay times after IR excitation of the H-bonded OH stretch vibration at 3580 cm
B. Vibrational relaxation of the H-bonded OH stretch of phenol-C 2 H 4
Ϫ1
. Each spectrum is shown in the manner that the 1ϩ1 REMPI spectrum measured without the IR laser irradiation is subtracted. In the figure, the OH 1 0 band ͑32 500 cm
͒ and sharp vibronic bands are seen at short delay times, such as at ⌬tϭ3 and 26 ps. In addition, a broad continuum transition appearing from 34 000 cm Ϫ1 to the higher-frequency side is also seen, which is attributed to the transition from the IVR levels. The broad continuum transition disappears at long FIG. 3 . Ionization-detected IR spectra of ͑a͒ phenol, ͑b͒ phenol-C 2 H 4 , and ͑c͒ phenol-(CH 3 ) 2 O ether in the OH and CH stretching regions. The delay time between the IR and UV pulses was set to 40 ps, and the UV frequencies were fixed to the electronic transition from the vibrational levels generated by IVR.
delay times, such as ⌬tϭ396 ps, because of the H-bond dissociation of the cluster. Very interestingly, we found that the relative intensity of the different regions of the continuum spectra changes with time. For example, when we compare the intensity pattern of the broad transient UV spectra between ⌬tϭ26 and 86 ps, we see that the intensity ratio of the low-frequency region ( UV Ͻ35 500 cm Ϫ1 ) to the highfrequency region ( UV Ͼ35 500 cm Ϫ1 ) is much smaller at ⌬tϭ86 ps than that at ⌬tϭ26 ps. The result represents that the lower-frequency part of the transient continuum spectrum decays faster than that of the high-frequency part.
In order to have clear evidence, we measured the time profiles of the pump-probe signals at different UV frequencies, which are marked by arrows in Fig. 4 . The results are shown in the traces ͑a͒-͑e͒ in Fig. 5 . First, the decay curve of the OH 1 0 band ͓Fig. 5͑a͔͒ could be fitted by a singleexponential decay with a lifetime of IVR ϭ10 ps, corresponding to an IVR rate constant of 1.0ϫ10 11 s Ϫ1 . Since the lifetime of the OH stretch of bare phenol has already been obtained to be 7.1ϫ10 10 s Ϫ1 , we see the -type H-bonding slightly accelerates the IVR rate of the OH stretch.
In accordance with the complicated features of the transient UV spectra as mensioned above, the time evolution of the IVR levels shows different profiles at different monitoring UV frequencies. That is, the time evolution observed at lower UV frequencies shows both faster rises and faster decays than those monitored at higher UV frequencies. For example, the pump-probe signal observed at UV ϭ34 110 cm Ϫ1 ͓Fig. 5͑b͔͒ reaches a maximum intensity at ⌬tϭ20 ps and disappears at ⌬tϭ90 ps. As shown in Fig.  5͑e͒ , on the other hand, the signal monitored at UV ϭ35 820 cm Ϫ1 reaches the maximum intensity at ⌬t ϭ30 ps and diminishes at a delay time of a few hundreds picoseconds. The result evidently indicates that we are observing different portions of the IVR levels when we monitor different parts of the UV spectrum, and they exhibit different time evolutions from each other.
C. Phenol-DME
The upper part of Fig. 6 shows the transient UV spectra observed at several delay times after exciting the OH stretching vibration at 3410 cm
Ϫ1
, and the lower part of Fig. 6 shows the pump-probe time profiles observed at three different UV frequencies. First, the OH 1 0 band at 32 500 cm Ϫ1 decays very rapidly and its lifetime was obtained to be equal to or less than 5 ps, which is the shortest lifetime obtained with the present laser system. The corresponding IVR rate constant of k IVR у2.0ϫ10 11 s Ϫ1 is more than two times larger than that of phenol-C 2 H 4 . On the other hand, the temporal behavior of the broad transient UV spectrum and the time profiles of the pump-probe signals show a very similar feature with those of phenol-C 2 H 4 : that is, as seen in the transient UV spectra in Fig. 6 , the low-frequency part ( UV Ͻ35 000 cm Ϫ1 ) of the broad transition diminishes faster than the high-frequency part ( UV Ͼ35 000 cm Ϫ1 ). Accordingly, in the lower part of Fig. 6 , the time profile monitored at UV ϭ34 100 cm Ϫ1 of the broad transition exhibits a faster rise as well as a rapid decay in comparison with that observed at UV ϭ35 500 cm Ϫ1 , indicating a similar energy flow mechanism with that of phenol-C 2 H 4 . 
D. Phenol-d 5 -C 2 H 4 and -DME
Similar experiments have been carried out for the H-bonded clusters of phenol-d 5 . Figures 7 and 8 show transient 1ϩ1 REMPI spectra and the pump-probe profiles after picosecond IR pulse excitation of the H-bonded OH stretch vibration of phenol-d 5 -C 2 H 4 and -DME, respectively. In paper I of this series, we reported the IVR rate constant of the OH stretching vibration of bare phenol-d 5 to be 1.3 ϫ10 10 s Ϫ1 . The IVR rate constant has changed to 6.7 ϫ10 10 s Ϫ1 and 1.4ϫ10 11 s Ϫ1 upon the H-bonding with C 2 H 4 and DME, respectively. On the other hand, the transient UV spectra and time profiles of the pump-probe signal showed very similar features with those of the corresponding H-bonded clusters of phenol. Thus it is concluded that the same relaxation mechanism is held in all H-bonded clusters examined.
IV. DISCUSSION
A. Analysis of the time evolution and a mechanism of energy redistribution in the clusters
As was shown above, we found that the different portions of the IVR levels ͑bath mode͒ exhibit different time evolutions. The result indicates that the energy flow starting from the OH stretch level to the dissociation of the H bond cannot be explained by a simple two-step process with a single bath mode-that is, scheme ͑1͒ in Fig. 2͑a͒ . According to this scheme, the IVR level ͑bath mode͒ would exhibit the FIG. 6 . ͑Upper͒ Transient 1ϩ1 REMPI spectra of phenol-(CH 3 ) 2 O measured at several delay times after IR pulse excitation of the H-bonded OH stretching vibration. Each spectrum is shown in the manner that the 1ϩ1 REMPI spectrum measured without IR light irradiation is subtracted. ͑Lower͒ Time profiles of the IR-UV pump-probe signals measured at several UV frequencies. The solids curves are the best-fitted curves by using Eqs. ͑1a͒-͑1c͒ and assuming Gaussian curves for the pump and probe pulses with pulse widths of 14 ps.
FIG. 7.
͑Upper͒ Transient 1ϩ1 REMPI spectra of phenol-d 5 -C 2 H 4 measured at several delay times after IR pulse excitation of the H-bonded OH stretching vibration. Each spectrum is shown in the manner that the 1ϩ1 REMPI spectrum measured without IR light irradiation is subtracted. ͑Lower͒ Time profiles of the IR-UV pump-probe signals measured at several UV frequencies. The solids curves are the best-fitted curves by using Eqs. ͑1a͒-͑1c͒ and assuming Gaussian curves for the pump and probe pulses with pulse widths of 14 ps.
FIG. 8. ͑Left͒
Transient 1ϩ1 REMPI spectra of phenol-d 5 -(CH 3 ) 2 O measured at several delay times after IR pulse excitation of the H-bonded OH stretching vibration. Each spectrum is shown in the manner that the 1ϩ1 REMPI spectrum measured without IR light irradiation is subtracted. ͑Right͒ Time profiles of the IR-UV pump-probe signals measured at several UV frequencies. The solids curves are the best-fitted curves by using Eqs. ͑1a͒-͑1c͒ and assuming Gaussian curves for the pump and probe pulses with pulse widths of 14 ps.
same time profile independent of the monitoring portion. Instead, we constructed the ''sequential two-bath-mode model''-that is, scheme ͑2͒ of Fig. 2͑b͒ . In this model, the population of the OH stretching level is first redistributed to ''bath mode ͑A͒'' with a rate constant k 1 (ϭ1/ IVR1 ), followed by a further redistribution into ''bath mode ͑B͒'' with a rate constant k 2 (ϭ1/ IVR2 ). Finally, the clusters in ''bath mode ͑B͒'' dissociate with a rate constant k 3 (ϭ1/ diss ). The time profiles of the OH stretch vibration, I OH (t), bath mode ͑A͒, I bath͑A͒ (t), and bath mode ͑B͒, I bath͑B͒ (t), are expressed as The rate constant k 1 has been alreaday obtained from the decay curve of the OH 1 0 band. On the other hand, the rate constants k 2 and k 3 cannot be obtained from a decay curve at a single UV frequency, because the electronic transitions of both bath modes ͑A͒ and ͑B͒ would overlap in the broad transient UV spectra. In this sequential model, the population of bath A is transferred to bath mode ͑B͒, so that I bath͑A͒ (t) will reach the maximum earlier, and decays faster than those of I bath͑B͒ (t), respectively. On the other hand, the pumpprobe signals observed at the low-frequency region of the broad continuum showed a faster rise and decay than that observed at the high-frequency region. Consequently, bath mode ͑A͒ is thought to contribute mostly to the lowfrequency region of the transient UV spectra, while bath mode ͑B͒ to the high-frequency region. Actually, the two components are not separated in the spectra as mentioned above, and the observed curves are expressed by the sum of the two components I bath͑A͒ and I bath͑B͒ . We carried out leastsquares fitting to the observed curves by changing the parameters k 2 , k 3 , and the ratio C bA /C bB , where C bA /C bB differs at different UV frequencies. The best-fitted curves are also shown as solid curves in Figs. 5-8 , and the rate constants obtained by the best fitting are listed in Table I .
Before discussing the obtained rate constants in Table I , we have to mention a clear picture of bath modes ͑A͒ and ͑B͒. In Figs. 3 and 5-8 , the broad continuum observed at short delay times extends more than 2000 cm Ϫ1 below the band origins. Such large redshifted hot bands cannot be the hot band transitions of the intermolecular modes, because the vibrational frequencies of intermolecular modes are less than 200 cm Ϫ1 ͑Refs. 41 and 42͒ so that the Franck-Condon factors involving large vibrational quanta of those modes for such largely redshifted transitions ͑2000 cm Ϫ1 ͒ should be negligibly small. Thus the broad continuum observed at short delay times is attributed to the hot band transitions of intramolecular modes of the phenolic site, whose frequencies are much higher than those of the intermolecular modes. The result means that bath mode ͑A͒ corresponds to the intramolecular modes of the phenolic site, and we conclude that the OH stretching vibrational energy is initially redistributed mostly into the phenolic mode, but not into the intermolecular modes.
With an increase of the delay time, the low-frequency region of the broad continuum diminishes rapidly, while the high-frequency region still remains. At long delay times, the vibrational energy in the phenolic site is thought to be redistributed into the intermolecular modes, which corresponds to bath mode ͑B͒. Since the vibrational frequencies of the intermolecular modes are low, their vibronic transitions would appear closely to the band origin. This is the reason why the higher-frequency part of the broad electronic transition remained at longer delay times. Finally, the clusters in bath mode ͑B͒ dissociate with the rate constant k 3 .
From the above discussion, we propose a model of the whole relaxation process starting from the phenolic OH stretching vibration; the energy of the OH stretch is first redistributed mostly to the intramolecular bath mode ͑A͒ of the phenolic site with rate constant k 1 , and the energy of bath mode ͑A͒ further relaxes to intermolecular bath mode ͑B͒ with rate constant k 2 . Finally, the clusters in bath mode ͑B͒ dissociate with rate constant k 3 . A schematic description of this model is drawn in Fig. 9 .
B. Effect of H-bond strength on the IVR and dissociation rate constants
In Table I , we first notice that the IVR rate constant k 1 correlates very well with the H-bond strength. The lifetime reduction of the OH stretching vibration upon H-bond formation is well known in the condensed phase and the present TABLE I. IR frequencies of the OH stretching vibration OH , redshift by the H bonding, ⌬, the H-bond dissociation energies D 0 , the observed rate constants k 1 , k 2 , and k 3 , and the calculated dissociation rate constants k RRKM using the RRKM model. result essentially agrees well with the condensed phase observation. There have been many experimental results and theoretical treatments of the enhancement of the vibrational relaxation of the OH stretch upon H bonding, and the present results provide us with a new insight into its mechanism: The H bonding is mostly effective in accelerating the redistribution of the OH stretch energy into intramolecular vibrational modes.
Several candidates can be listed as the effective bath state for acceleration of the IVR of the OH stretch. First is the state͑s͒ involving the CH stretching vibrations. In paper I, we showed that in bare phenol the OH stretch is strongly coupled to the levels involving the CH stretch vibration, leading to a rapid IVR of the OH stretch vibration. This coupling strength will be enhanced upon H-bond formation because of the following reasons: ͑1͒ The energy mismatch between the OH stretch level and the levels involving CH will decrease by H-bonding, resulting in a stronger anharmonic coupling because of the propensity rule 43 that the anharmonic coupling between states with smaller quantum number change should be larger. ͑2͒ In the H-bonded cluster, the combination between the CH and H-bonding intermolecular modes will be an additional effective bath state for the IVR of the OH stretch. Very recently, Wang et al. investigated the vibrational relaxation of the OH stretching vibration of ethanol liquid and found a very fast IVR into the symmetric stretching mode of the CH 2 group.
12 Though the present system is different from them, the observed result essentially agrees with their observation.
Another candidate for the effective bath state for the IVR of the OH stretch is the level͑s͒ involving the overtone of the OH bending mode. The coupling between the H-bonded OH stretch and the first overtone of the OH bending mode is well known in water and alcohols as Fermi resonance and there are many theoretical treatments. [43] [44] [45] [46] [47] [48] In the present case, however, the frequency of the OH bending mode in phenold 0 and phenol-d 5 is ϳ1170 cm Ϫ1 ͑Ref. 49͒ so that there is large energy gap between the OH stretch and first overtone of the OH bend. Even if it is so, we cannot neglect this candidate because phenol-d 5 , having no CH oscillator, also exhibited substantial enhancement of the IVR rate of the OH stretch upon H bonding.
A further noticeable point in Table I is that the H-bond dissociation rate constants are very similar among the clusters in spite of the large differences in the binding energies. Since H-bond dissociation takes place after the IVR, it is quite interesting whether the dissociation takes place after complete energy randomization within the clusters. So we calculated the dissociation rate constants by using RRKM theory. In this theory, the dissociation rate constant is given by
Here (E) is the density of states of the cluster at the total energy of E and G (EϪD 0 ) is the number of possible states of fragments at an available energy of EϪD 0 , where D 0 is the H-bonding energy. The density of states was obtained by the direct counting method without taking account of anharmonicity. For phenol, C 2 H 4 , and DME, most of their vibrational frequencies were taken from the literature. The vibrational frequencies which were not available in the literature were obtained by ab initio calculations with the MP2/6-31G level. The frequencies of intermolecular modes of the clusters were also obtained at the same level of the calculation, which are listed in Table II . For the H-bonding energy (D 0 ), we assumed those of the and type to be 2100 cm Ϫ1 and 1100 cm
Ϫ1
, respectively, by comparison of the experimental and theoretical values of other H-bonded clusters. 36 -40,50 The calculated dissociation rate constants k RRKM are also listed in Table I . We also calculated the H-bond dissociation rate constant of phenol dimer, which is also compared with the experimentally obtained one. As seen in Table I , the agreement between the observed and calculated rate constants is very poor. The RRKM calculation predicts a much larger dissociation rate constant for phenol-C 2 H 2 than the phenol-DME and phenol dimer, while the observed rate constants are not so different among the clusters. The large discrepancy between the observed and RRKM calculated rate constants indicates that the dissociation of the H bond occurs much faster than complete energy randomization. Such a non-RRKM behavior of the dissociation is reported in many molecular clusters, 51 and the present result will be an additional example of the non-RRKM behavior of the dissociation of the clusters.
V. CONCLUSION
The dynamics of the OH stretching vibration has been investigated for phenol H-bonded clusters by time-resolved picosecond IR-UV pump-probe spectroscopy. The results strongly indicate the importance of the ''OH stretch↔intramolecular mode'' coupling in the IVR of the H-bonded OH stretch. We found that in all clusters the initially excited phenolic OH stretching vibrational energy is primarily redistributed into the phenolic moiety, generating a hot phenol. Then the energy of the hot phenol flows into the intermolecular mode, followed by the dissociation of the H bond. Among them, the first step is strongly accelerated by the H bonding while others do not show a clear dependence on the H-bond strength. Finally, the H-bond dissociation rate constants do not agree with those calculated by the statistical theory, indicating that the energy is not fully randomized before dissociation.
